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We studied the function of G protein-coupled receptor kinases
(GRKs) in the regulation of thrombin-activated signaling in endo-
thelial cells. GRK2, GRK5, and GRK6 isoforms were expressed
predominantly in endothelial cells. The function of these isoforms
was studied by expressing wild-type and dominant negative (dn)
mutants in endothelial cells. We determined the responses to
thrombin, which activates intracellular signaling in endothelial
cells by cleaving the NH; terminus of the G protein-coupled
proteinase-activated receptor-1 (PAR-1). We measured changes in
phosphoinositide hydrolysis and intracellular Ca2* concentration
([Ca2+];) in response to thrombin as well as the state of endothelial
activation. In the latter studies, the transendothelial monolayer
electrical resistance, a measure of the loss of endothelial barrier
function, was measured in real time. Of the three isoforms, GRK5
overexpression was selective in markedly reducing the thrombin-
activated phosphoinositide hydrolysis and increased [Ca2+];. GRK5
overexpression also inhibited the thrombin-induced decrease in
endothelial monolayer resistance by 75%. These effects of GRK5
overexpression occurred in association with the specific increase in
the thrombin-induced phosphorylation of PAR-1. In contrast to the
effects of GRK5 overexpression, the expression of the dn-GRK5
mutant produced a long-lived increase in [Ca2*]; in response to
thrombin, whereas dn-GRK2 had no effect. These results indicate
the crucial role of the GRKS5 isoform in the mechanism of thrombin-
induced desensitization of PAR-1 in endothelial cells.

hrombin activates proteinase-activated receptor-1

(PAR-1) by cleaving the receptor’s NH,-terminal exodo-
main between Arg-41 and Ser-42 (1), and the newly formed
amino terminus binds to the receptor’s extracellular domain,
thereby activating PAR-1 signaling (1, 2). PAR-1 has been
shown to couple functionally to both pertussis toxin-sensitive
and -insensitive heterotrimeric G proteins, G; and G4 (3, 4).
We have shown that thrombin by the activation of PAR-1
induces the endothelial cell retraction response (a character-
istic feature of the loss of endothelial barrier function) (5-7).
PAR-1 activation elicits this response by coupling with the
G4/phospholipase C system (3, 4). We also have shown that
thrombin activates mitogen-activated protein kinase to induce
PAR-1 expression in endothelial cells, a response chiefly
dependent on the binding of PAR-1 to G; (8).

Although it is clear that thrombin activates PAR-1, which in
turn mediates the loss of endothelial barrier function (5-7), the
mechanisms responsible for inactivating PAR-1 signaling remain
unclear. PAR-1 desensitization after cleavage of the receptor
may involve endocytosis and subsequent lysosomal degradation
of PAR-1 (9). In addition, G protein-coupled receptor kinases
(GRKs) appear to play a key role in inactivating PAR-1, itself a
G protein-coupled receptor (GPCR) (10, 11). GRKs are serine/
threonine kinases that induce receptor desensitization by the
phosphorylation of agonist-occupied or -activated receptors (12,
13). Seven GRK isoforms differing in their posttranslational
modification, regulation by phospholipids, and association with
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G protein subunits (13-18) have been identified. GRK1, GRK4,
and GRK7 have limited tissue distribution (13-18). Expression
of GRK1 and GRKZ7 is specific to the retina and expression of
GRK4 is limited to the testis (13-18). In contrast, GRK2, GRK3,
GRKS, and GRK6 isoforms are widely distributed in multiple
cell types (13-18).

In the present study, we specifically analyzed the role of GRK
isoforms in the mechanism of desensitization of PAR-1 in
endothelial cells. Phosphorylation by GRKSs of serine/threonine
sites in the COOH terminus of PAR-1 has been linked to the
mechanism of desensitization of PAR-1 (1). Coexpression of
GRK3 (but not GRK2) with PAR-1 in Xenopus oocytes was
shown to inhibit thrombin-activated Ca?* signaling (10). Al-
though GRKSs can regulate the activity of PAR-1, it is not known
which GRKSs are expressed in the endothelial cells and which are
involved in mediating the desensitization of PAR-1. Thus, we
first identified the specific expression of the GRK2, GRKS, and
GRKG6 isoforms in endothelial cells. We then overexpressed
these isoforms in endothelial cells to study their role in the
mechanism of inactivation of thrombin-activated signaling.
GRKS overexpression was selective in inhibiting thrombin-
activated signaling and further, expression of dominant negative
(dn)-GRK5 mutant was selective in prolonging thrombin-
activated Ca®* signaling in endothelial cells. These results sug-
gest the crucial role of GRKS in the mechanism of inactivation
of PAR-1 signaling in endothelial cells.

Materials and Methods

Materials. Human o-thrombin was obtained from Enzyme Re-
search Laboratories (South Bend, IN). FBS was from HyClone.
PAR-1 antibody (anti-PAR-1 peptide Ab) was raised in rabbits and
purified as described (19). dn-GRK2 (K220R) (20) and dn-GRKS
(K215R) in pcDNA3 expression vector, recombinant GRKs
(GRK2, GRKS, and GRK6), mAb produced against GRK2 (3A10),
and polyclonal Ab raised against the C terminus of GRKS were
prepared as described (16, 20-24). GRK3- and GRKG6-specific
polyclonal Abs were obtained from Santa Cruz Biotechnology.
Fura 2-AM was from Molecular Probes, and electrodes for endo-
thelial monolayer resistance measurements were purchased from
Applied Biophysics (Troy, NY).

Abbreviations: GRK, G protein-coupled receptor kinase; PAR-1, proteinase-activated re-
ceptor-1; HMEC, human dermal microvascular endothelial cells; dn, dominant negative;
[Ca2+];, intracellular Ca2* concentration; GPCR, G protein-coupled receptor; RT, reverse
transcription.
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Cell Cultures. Human dermal microvascular endothelial cells
(HMEC) (obtained from Edwin W. Ades, Centers for Disease
Control and Prevention, Atlanta) were grown to confluence in
endothelial basal medium MCDB131 (GIBCO/BRL) supple-
mented with 10% FBS, 10 ng/ml epidermal growth factor, 2 mM
L-glutamine, and 1 pg/ml hydrocortisone. PA317 cell line (ATCC
CRL 9078) (25) was grown in DMEM supplemented with 10%
FBS. Human pulmonary artery endothelial cells (HPAECSs) ob-
tained from Clonetics (San Diego) were grown in EBM-2 medium
(Clonetics) supplemented with 10% FBS. Human umbilical vein
endothelial cells (HUVECs) obtained from Vec Technologies
(Rensselaer, NY) were grown in RPMI 1640 medium supple-
mented with 10% FBS, 90 ug/ml heparin, 2 mM L-glutamine, and
30 ug/ml endothelial cell growth factor. Primary culture HPAECs
and HUVECs passaged between 2 and 4 were used for experi-
ments. Ramos cell line [Burkitt’s lymphoma cell line (ATCC
CRL-1596)], a human cell line expressing GRK3 (unpublished
observation from Santa Cruz Biotechnology) was grown in RPMI
1640 medium containing 10 mM Hepes, pH 7.4, supplemented with
10% FBS and 2 mM L-glutamine in suspension.

GRK Plasmid Construction and Stable Expression in HMEC. Bovine
GRK2 cDNA in pBC vector was provided by R. Lefkowitz
(Duke University, Durham, NC). pBluescript plasmids contain-
ing human ¢cDNA for GRKS and GRK6 were prepared as
described (14, 16). HindIII fragment of GRK2 cDNA released
from pBC-GRK?2 was subcloned into retroviral vector pLNCX.
EcoRI fragments of pBluescript-GRKS and pBluescript-GRK6
were blunt-ended, connected to HindIII-Notl adaptor (Strat-
agene), and ligated into HindlII site in pLNCX. The pLNCXs
with sense orientation of GRK2, GRKS, and GRK6 constructs
were used for transfecting the packaging cells (PA317) by using
Lipofectamine (8). The PA317 cells were screened with 600
png/ml G418 for 10 days, and surviving cells were grown to
confluence (25, 26). PA317-conditioned medium containing
retroviral particles was used to infect HMEC as described (25,
26). Four days after infection, cells were trypsinized and seeded
in 96-well plates and allowed to grow for 24 h. The cells then were
screened with 500 ug/ml G418 for 10 days (26), and the
surviving cells were expanded and used for experiments.

Expression of GRK Mutants. dn-GRK2 and dn-GRKS were tran-
siently expressed in HMEC by using Lipofectamine (8). We
determined the transfection efficiency by using green fluores-
cent protein plasmid. Approximately <50% of HMEC appeared
green 48 h after transfection (8).

Reverse Transcription (RT) and PCR. Total RNA was isolated from
cells by using Trizol Reagent (GIBCO/BRL) and treated with
DNase. Total RNA (3 pg) was reverse-transcribed by using a
SuperScript Preamplification kit (GIBCO/BRL). Human GRK3
was amplified by using the following primers: position 1563 forward
5'-AACGGAAACAGTTTATGAAG-3', position 1995 reverse
5'-GAGGAACTTCGGGGCACGAC-3', amplifying 433 bp. RT
product (2 ul) was amplified in a 50 ul volume containing 1 uM
primers and 2 units of Tag polymerase. Reaction conditions were
94°C for 30 sec, 45°C for 30 sec, 72°C for 3 min for 35 cycles, and
then 72°C for 10 min. PCR products were separated by using 1.7%
agarose gel and identified by ethidium bromide staining.

Immunoblot Blot Analysis. HMEC transduced with either pLNCX
(mock) or GRK isoforms (GRKs) grown to confluency were
washed twice with PBS, pH 7.4 containing 0.1 mM PMSF, 1 ug/ml
leupeptin, 1 pg/ml aprotinin, and 1 ug/ml pepstatin. After washing,
the cells were scraped and centrifuged at 3,000 X g for 10 min. The
cell pellet protein (100 pg) was separated on SDS/PAGE and
transferred to a nitrocellulose membrane. The membrane was
blocked with 5% nonfat dry milk in Tris-buffered saline with 0.05%

Tiruppathi et al.

Tween-20 (TBST) overnight at 22°C. After washing three times
with TBST, the membrane was incubated with respective GRK
isoform Abs in TBST with 5% nonfat dry milk for 4 h at 22°C. The
membrane then was washed three times with TBST and incubated
with either goat anti-mouse IgG or goat anti-rabbit IgG conjugated
with peroxidase for 1 h at 22°C. The protein bands were identified
by using the ECL method (Pierce).

Phosphoinositide Hydrolysis. Cells were grown in 12-well culture
dishes to 70-80% confluence. Cells were washed twice with
inositol-free DMEM containing 5% FBS and then cells were
incubated with myo-[*H]Jinositol (10 wCi/ml) in inositol-free
DMEM containing 5% FBS for 18 h. After labeling, the cells
were washed twice with inositol and serum-free DMEM and
incubated with 5 mM LIiCl for 10 min. The cells then were
stimulated with 10 nM thrombin for 1 h at 37°C. The total
inositol phosphate formed was extracted and separated on
Dowex AG1-X8 formate columns as described (27).

Cytosolic Ca2* Measurement. The cytosolic intracellular Ca>* con-
centration ([Ca®*];) in single endothelial cells was measured by
fura-2 fluorescence imaging (28). Cells grown on 25-mm diameter
glass coverslips were washed twice in Hanks’ balanced salt solution
(HBSS) and loaded with 3 uM fura-2/AM for 1 h at 25°C. Cells
then were washed twice in HBSS and imaged by using an Attofluor
RatioVision digital fluorescence microscopy system (Atto Instru-
ments, Rockville, MD) equipped with a Zeiss Axiovert S100
inverted microscope and a F-Fluar X40, 1.3 numerical aperature oil
immersion objective. Regions of interest on individual cells were
marked and excited at 334 and 380 nm with emission at 520 nm. The
increases in 334/380 excitation ratio as a function of [Ca®*]; was
captured at 5-sec intervals. At the end of each experiment, 5 uM
ionomycin was added to obtain fluorescence of Ca?"-saturated
fura-2 (high [Ca®*];), and 10 mM EGTA to obtain fluorescence of
free fura-2 (low [Ca?*];). The [Ca?"]; was calculated based on a Ky
of 225 nM with a two-point fit curve.

Transendothelial Electrical Resistance Measurement. Thrombin-
induced endothelial cell retraction was measured by the method
described by us (29). Endothelial cells were grown to confluence on
gelatin-coated gold electrode (5.0 X 10 cm?). The small electrode
and the larger counter electrode were connected to a phase-
sensitive lock-in amplifier. A constant current of 1 uA was supplied
by a 1-V, 4000-Hz AC signal connected serially to 1 MQ) resistor
between the small electrode and the larger counter electrode. The
voltage between small electrode and large counter electrode was
monitored by a lock-in amplifier, stored, and processed by a
personal computer. The same computer controlled the output of
the amplifier and switched the measurement to different electrodes
in the course of an experiment. Before the experiment, cells were
incubated in DMEM with 20 mM Hepes, pH 7.4 for 2 h and then
thrombin-induced change in endothelial monolayer electrical re-
sistance was measured (7, 29).

PAR-1 Phosphorylation and Immunoprecipitation. Cells grown to
confluency in 35-mm dishes were incubated with phosphate-free
DMEM for 2 h at 37°C and then incubated with [3?PJorthophos-
phate (100 nCi/dish) for 4 h. After exposure to thrombin for
different time intervals, cells were washed once with ice-cold PBS
containing 1 uM okadaic acid and 1 mM sodium orthovanadate
(wash buffer), twice with wash buffer containing 2 mg/ml albumin,
and another time with wash buffer alone. Cells were lysed with lysis
buffer (50 mM Tris/150 mM NaCl/1 mM EDTA/0.5% sodium
deoxycholate/1% NP-40/0.1% SDS/1 mM sodium orthovana-
date/1 pg/ml leupeptin/1 pg/ml pepstatin A/1 pg/ml aproptinin/1
mM PMSF/1 uM okadaic acid/50 nM calyculin A) at 4°C for 30
min. The lysate was centrifugated at 13,000 X g for 10 min and
supernatant containing equal amount of protein was precleared by
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Determination of GRK isoform expression in endothelial cells by immunoblotting. Total cell protein (100 pg/lane) was subjected to SDS/PAGE and

blotted with GRK-specific antibodies. Other details are described in Materials and Methods. (A) Expression of GRK2. Lane 1, HMEC-mock; lane 2, HMEC-GRK2;
lane 3, RC-GRK2 (12.5 ng). (B) Expression of GRK5. Lane 1, HMEC-mock; lane 2, HMEC-GRKS5; lane 3, RC-GRK5 (25 ng). (C) Expression of GRK6. Lane 1, HMEC-mock;
lane 2, HMEC-GRK®; lane 3, RC-GRK6 (25 ng). Results are representative of four experiments in each group.

preimmune IgG and protein A-Sepharose beads for 1 h at 4°C. The
supernatant was collected by centrifugation and incubated with
anti-PAR-1 peptide Ab overnight at 4°C. The incubation was
continued for another hour after adding protein A-Sepharose
beads. The beads were pelleted, washed four times with wash
buffer, and subjected to SDS/PAGE. The gels were dried and
exposed to Kodak film for 24 h. Autoradiograms were scanned and
the PAR-1 phosphorylation was quantitated by National Institutes
of Health IMAGE version 1.6.

Statistics. Statistical analysis was performed by using the two-
tailed Student’s ¢ test.

Results

Selective Expression of GRK2, GRK5, and GRK6 Isoforms in Endothelial
Cells. We determined the expression GRK isoforms in endothe-
lial cells by immunoblotting (details in Materials and Methods).
GRK proteins were identified by using the recombinant GRK
proteins. GRK2, GRKS, and GRK6 proteins from endothelial
cells comigrated with the respective recombinant proteins (Fig.
1), indicating that GRK2, GRKS, and GRK6 isoforms were
constitutively expressed in HMEC. We also determined the
expression of GRK isoforms in human umbilical vein endothelial
cells and human pulmonary artery endothelial cells; these cells
showed the pattern of expression of GRK isoforms similar to the
HMEC (data not shown). To address the presence of GRK3 in
HMEC, we used the GRK3-positive Ramos cell line in which
there was clear evidence of GRK3 mRNA as well as protein
expression (Fig. 2). Using RT-PCR and immunoblotting, we
were not able to detect the expression of GRK3 (=70-kDa
protein) in HMEC (Fig. 2). We also could not detect GRK3 in
other endothelial cell types (data not shown). The present
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Fig. 2. Absence of GRK3 expression in HMEC. Experimental conditions are
described in Fig. 1 legend and in Materials and Methods. (A) RT-PCR. Lane 1,
HMEC; lane 2, Ramos cell line (GRK3-positive); RT samples were PCR-amplified
with human GRK3 primers. (B) Inmunoblotting. Lane 1, HMEC; lane 2, Ramos.
GRK3-specific Ab was used for immunoblotting. Results are representative of
four experiments in each group.
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findings indicate that GRK3 is not constitutively present in
HMEUC or the other endothelial cells studied.

We overexpressed endothelial cell-specific GRK isoforms to
study their function in the regulation of thrombin-activated
responses in endothelial cells. To induce GRK2 expression, we
transduced bovine GRK2 c¢cDNA in HMEC. In vector-
transduced cells (mock), level of GRK2 (79-kDa protein) ex-
pression did not change from control HMEC; therefore, we used
vector transduced cells as control (Fig. 14, lane 1). In cells
transduced with pPLNCX-GRK2, GRK2 expression increased 4-
to 6-fold (Fig. 14, lane 2). To overexpress GRKS and GRK6, we
used human cDNA constructs. Fig. 1B shows GRKS (=69 kDa)
isoform expression. Transduction with GRKS resulted in signif-
icantly increased expression of GRKS (Fig. 1B, lane 2). Fig. 1C
shows the expression of GRK6 (=70-kDa protein). GRK6
expression was increased 3- to 4-fold in GRK6-transduced cells
(Fig. 1C, lane 2). We also determined the mRNA expression in
GRK2, GRKS, and GRK6 overexpressing cells by RT-PCR. The
mRNA expression levels were increased 2- to 4-fold in these cells
compared with control (data not shown).

GRK5 Overexpression Inhibits Thrombin-Induced Phosphoinositide
Hydrolysis and Ca2* Signaling. We measured thrombin-induced
phosphoinositide hydrolysis in HMEC, mock, and cells overex-
pressing GRK2, GRKS, and GRKG6 isoforms. Thrombin-induced
phosphoinositide hydrolysis was suppressed by ~70% in the GRKS-
overexpressing cells compared with HMEC and mock, whereas
thrombin-induced phosphoinositide hydrolysis was not significantly
affected in cells expressing the GRK2 or GRKG6 isoform (Fig. 3).
Thus, these results indicate that GRKS specifically inhibits throm-
bin-activated phosphoinositide hydrolysis in endothelial cells.

We measured thrombin-induced increases in [Ca?*]; to study
whether inhibition of phosphoinositide hydrolysis was coupled to
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Fig. 3. Effects of GRK isoform overexpression on thrombin-induced phos-
phoinositide hydrolysis. Experimental conditions are described in Materials
and Methods. Cells were stimulated with 10 nM thrombin for 1 h and total
inositol phosphates formed were measured. Results are mean = SE of three
separate experiments carried out in triplicate. * indicates difference from
HMEC (P < 0.001).
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Fig. 4. Effects of GRK overexpression on thrombin-induced increase in
[Ca2*];. The changes in [CaZ*]; in single cells were measured in response to 10
nM thrombin. In each experiment, 20-50 cells were selected to measure
change in [Ca2*]; The position of arrow indicates the time the cells were
stimulated with thrombin. Other details are described in Materials and Meth-
ods. The experiment was repeated three times. Results from a representative
experiment are shown. (A) HMEC-mock. (B) HMEC-GRK2. (C) HMEC-GRKS5. (D)
HMEC-GRK6. Table 1 summarizes the results from three experiments.

failure of the GRKS-expressing cells to mobilize intracellular
Ca?*. In control cells (mock), thrombin (10 nM) caused an
increase in [Ca?"]; with a peak value of 675 + 55 nM (Fig. 44
and Table 1). Basal [Ca?*]; values in all groups were similar
(Table 1). In GRK2-and GRK6-overexpressing cells, the throm-
bin-induced increases in [Ca®*]; were similar to mock (Fig. 4 B
and D and Table 1). However, in GRKS5-overexpressing cells,
thrombin-induced increase in [Ca?"]; was reduced by 3-fold
compared with control (Fig. 4C and Table 1). We also deter-
mined the effects of PAR-1 activating peptide (TRAP) on Ca?*
signaling in these cells. TRAP-induced increase in [Ca?*]; in the
GRK2- or GRK6-overexpressing cells was similar to control,
whereas the response was significantly reduced in the GRKS-
overexpressing cells (data not shown).

Effects of Overexpression of GRK Isoforms on Thrombin-Induced
Endothelial Cell Retraction. To determine the functional conse-
quences of GRK isoform expression, we studied the thrombin-
induced endothelial cell retraction response [i.e., a measure of
cell shape change and increased transendothelial permeability
(29)], a response mediated by PAR-1 activation (7). In control
cells, thrombin caused ~40% decrease in electrical resistance
(Fig. 5). GRK2 overexpression did not alter this response (Fig.
5), whereas GRKS overexpression inhibited the thrombin-
induced decrease in monolayer resistance by ~75% (Fig. 5). In

Table 1. GRK5 overexpression selectively prevents
thrombin-induced increase in [Ca2*];

Cell type Basal [CaZ*];, nM Peak [Ca?*];, nM n
HMEC-mock 353 675 = 55 56
GRK2 53+4 690 *+ 35 60
GRK5 42 £3 224 + 15* 60
GRK6 46 £ 4 720 £ 35 50

Values are shown as means *= SEM. n = number of cells in each group.
*Significance from other groups; P < 0.001.
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Fig.5. Effect of GRKisoform overexpression on changeinthrombin-induced
transendothelial monolayer electrical resistance. (A) HMEC-mock and HMEC-
transduced with different GRK isoforms were incubated in serum-free me-
dium for 2 h and then the thrombin (10 nM)-induced resistance change was
measured. Arrow represents the time point of thrombin addition. (B) Bar
graph shows thrombin-induced decrease in electrical resistance. n = 23 for
HMEC-mock; n = 8 for HMEC-GRK2; n = 13 for HMEC-GRK5; n = 17 for
HMEC-GRK®6. Bars indicate = SEM; * indicates P < 0.01 from other groups.

GRK6-overexpressing cells, inhibition was significantly less
(=20%) compared with control (Fig. 5).

GRK5 Overexpression Increases Phosphorylation of PAR-1. We deter-
mined the effects of GRK overexpression on PAR-1 phosphory-
lation. As immunoprecipitations were carried out to assess phos-
phorylation of PAR-1, we first tested the specificity of anti-PAR-1
peptide Ab by using endothelial cell lysates. The anti-PAR-1
peptide Ab reacted with a major 60-kDa protein (Fig. 64) from the
endothelial cell lysate. Inclusion of the antigenic PAR-1 peptide
during immunoblotting prevented the reactivity of anti-PAR-1
peptide Ab with 60-kDa protein, indicating that the anti-PAR-1
peptide Ab reacted specifically with PAR-1 (Fig. 64). We meta-
bolically labeled cells with [*?P]orthophosphate and stimulated with
thrombin for different time intervals. Cells were lysed and PAR-1
was immunoprecipitated (see details in Materials and Methods).
Basal PAR-1 phosphorylation was low in untreated control cells.
After thrombin challenge, PAR-1 phosphorylation increased sig-
nificantly and reached maximum level in 15 sec; this level was
maintained for at least 30 sec (Fig. 6 B and C). In GRK2-expressing
cells, basal phosphorylation was increased ~2-fold, but the throm-
bin-induced PAR-1 phosphorylation was similar to control (Fig. 6
B and C). In GRKS-expressing cells, basal phosphorylation of
PAR-1 increased 3-fold and thrombin caused even a further
increase in PAR-1 phosphorylation (Fig. 6 B and C). In contrast, in
GRKG6-expressing cells, basal phosphorylation of PAR-1 was in-
creased and thrombin treatment did not further increase the
phosphorylation (Fig. 6 B and C).

dn-GRK5 Expression Augments Thrombin-Induced Increase in [Ca2*];.
To address the role of endogenous GRK isoforms, we transiently
expressed the dn-GRK2 and dn-GRKS in HMEC and measured
thrombin-induced increase in [Ca®*];. Expression of pcDNA3
vector or dn-GRK2 did not affect thrombin-induced increase in
[Ca?*]i compared with control cells (Fig. 74 and B). However,
expression of dn-GRKS produced a prolonged increase in
[Ca?*];i in about 50% of cell population (Fig. 7C). In vector or
dn-GRK?2 expressing cells, thrombin produced a transient in-
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Fig. 6. (A) Immmunoblotting of HMEC lysate with anti-PAR-1 peptide Ab.
HMEC lysate (100 pg of protein) was separated on SDS/PAGE and transferred
to nitrocellulose membrane strips. Strips were incubated with anti-PAR-1
peptide Ab (10 ng/ml) in the presence and absence of PAR-1 antigenic peptide
(20 wg/ml). Other details are described in Materials and Methods. Lane 1,
control; lane 2, incubated with PAR-1 peptide TR 70-99. (B) Effects of GRK
overexpression on phosphorylation of PAR-1. HMEC transduced with vector or
vector in combination with GRK isoforms were labeled with 32P-orthophos-
phate and exposed to thrombin (10 nM) for 0 sec, 15 sec, and 30 sec. Cells were
washed, lysed, and immunoprecipitated, and proteins were resolved by SDS/
PAGE. Other details are described in Materials and Methods. Representative
autoradiogram isshown in B. Lane 1, cells exposed to thrombin for 0 sec; lanes
2 and 3, cells exposed to thrombin for 15 and 30 sec, respectively. (C) 32P-
labeling was quantified and expressed as fold increase over the control
(HMEC-mock) basal value. Values are shown as mean + SEM from 4-6 exper-
iments in each group. * = P < 0.01; ** = P < 0.005.

crease in [Ca®"]; and the level returned to baseline values within
3-4 min. In dn-GRKS expressing cells, thrombin produced a
long-lived increase in [Ca?*]; (Fig. 7C) (up to 30 min).

10 1500

Discussion

The phosphorylation of activated GPCRs by GRKSs is a primary
mechanism mediating the desensitization of receptors (12, 13).
In the present study, we examined the role of GRKs expressed
in endothelial cells in mediating PAR-1 desensitization. We
observed that GRK2, GRKS, and GRK6 were selectively ex-
pressed in endothelial cells. Although the GRK3 isoform is
expressed in many tissues (16—24), it was not detectable in
cultured endothelial cells.

As an approach to addressing the effects of the endothelial cell
GRK isoforms in regulating thrombin-activated signaling, we
used the retroviral method to stably overexpress these GRK
isoforms in HMEC (25, 26). We determined whether their
overexpression in endothelial cells affected the phosphorylation
of PAR-1, the GPCR that upon cleavage by thrombin activates
intracellular Ca?* signaling and induces the loss of endothelial
barrier function (5-7). We showed that overexpression of GRK2
in HMEC had no effect on either thrombin-activated signaling
or phosphorylation of PAR-1. These results are consistent with
the finding that GRK2 expression in Xenopus oocytes does not
prevent Ca?* signaling activated by the simultaneous coexpres-
sion of PAR-1 (10). We also showed that GRK6 overexpression
in HMEC did not significantly alter thrombin-induced phospho-
inositide hydrolysis and the increase in [Ca?*]; as well as PAR-1
phosphorylation. In contrast, GRKS overexpression markedly
interfered with thrombin-induced phosphoinositide hydrolysis
and increase in [Ca®*];, and induced the phosphorylation of
PAR-1. In other studies, we showed that inhibiting the function
of endogenous GRKS by expressing dn-GRKS mutant in HMEC
produced a prolonged increase in [Ca?*]; in response to throm-
bin. As evidence that GRKS regulates PAR-1 activated endo-
thelial responses, we showed that GRKS overexpression inhib-
ited =~75% of the thrombin-induced decrease in endothelial cell
resistance. This finding suggests the important role of GRKS in
modulating the endothelial barrier function.

Studies have shown that thrombin activation of PAR-1 in Rat1
cells and human embryonic kidney 293 cells stably transfected
with the receptor induced the phosphorylation of PAR-1 within
minutes (9, 30). In the present study, we showed that PAR-1 in
endothelial cells was phosphorylated within 15 sec after activa-
tion by thrombin. This rapid phosphorylation of PAR-1 is
consistent with the time course reported for GRK-induced
receptor desensitization (31), but it is considerably shorter than
the 30 min required for heterologous desensitization of receptors
induced by protein kinase C activation (32). Moreover, these
results suggest that GRKS is specific in mechanism of phosphor-
ylation because the thrombin challenge of the GRKS-expressing
endothelial cells selectively augmented PAR-1 phosphorylation.
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Effects of dn-GRK2 and dn-GRK5 expression on thrombin-induced Ca2* signaling in endothelial cells. dn-GRK2 and dn-GRKS5 were transiently expressed

in HMEC by using Lipofectamine (8). HMEC, grown on gelatin-coated glass coverslips to 50-70% confluency, were transfected with 500 ng of plasmid DNA
(pcDNA3, dn-GRK2, or dn-GRK5). Other details are described in Materials and Methods. Cells were allowed to grow for 72 h and then were used for intracellular
Ca2* measurement. The experiment was repeated four times. (A) pcDNA3 (vector) transfected. (B) dn-GRK2 transfected. (C) dn-GRKS5 transfected.
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This conclusion is distinct from a report (10) showing that
coexpression of GRK3 with PAR-1 in Xenopus oocytes inhibited
thrombin-activated Ca>* signaling. Although GRK3 expression
can regulate PAR-1 function in the Xenopus oocyte and possibly
other cell types, this isoform is unlikely to be important in
modulating PAR-1 activity in endothelial cells because it is not
significantly expressed in these cells.

We observed a high level of basal phosphorylation of PAR-1
in the GRK2-, GRKS-, and GRK6-overexpressing endothelial
cells. Increased basal phosphorylation of GPCRs also has been
reported in other GRK transfection studies in intact cells (33,
34). The increase in basal receptor phosphorylation may be the
result of increased membrane association of the expressed GRKs
with the GPCRs (13).

Thrombin mediates increased endothelial permeability by
causing endothelial cell retraction, resulting in the formation of
interendothelial gaps (35). Thrombin-induced endothelial cell
retraction is associated with increased [Ca®"]; and Ca?*-
dependent phosphorylation of actin-associated cytoskeletal
proteins (35). We have shown that PAR-1 activation causes
endothelial cell retraction, resulting in increased endothelial
permeability to macromolecules (6—8). In the present study, we
addressed the effects of expression of GRK isoforms in the
mechanism of thrombin-induced endothelial cell shape change
(i.e., cell retraction) by measuring kinetics in real time of the
decrease in endothelial monolayer resistance. GRK2 and GRK6
overexpression in HMEC did not significantly alter thrombin-
induced decrease in transendothelial electrical resistance. In
contrast, GRKS overexpression inhibited ~75% of thrombin-
induced decrease in endothelial cell resistance. These results
support an important role of GRKS in functionally inactivating
PAR-1 signaling in endothelial cells, and thereby preventing
thrombin-induced endothelial cell retraction response.

Dysregulation of GRKs may be important in pathological pro-
cesses associated with inappropriate GPCR activation responses.
Lymphocytes from hypertensive subjects showed increased GRK
activity and increased expression of GRK2 (36), suggesting that
increased GRK activity may underlie the reduction in B-adrenergic
responsiveness in hypertension. Increased GRK activity and GRK
expression also may be associated with the development of heart
failure (37). Cardiac-specific overexpression of GRKS in transgenic
mice augmented the desensitization of B-adrenergic receptors,
whereas it had no effect on the activity of angiotensin II receptors
(38). In a similar vein, our study indicates that overexpression of
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GRKS in endothelial cells prevented the increase in endothelial
permeability in response to thrombin. Thus, the results suggest a
potentially important role of GRKS in regulating vascular endo-
thelial permeability in inflammatory states.

Expression of GRK2 and GRKG6 significantly increased the
basal phosphorylation of PAR-1, but it did not alter thrombin-
activated phosphoinositide hydrolysis and increase in [Ca?*];. A
possible explanation of this finding is that the arrestin proteins
associated with receptor internalization may not have been
activated after phosphorylation induced by GRK2 and GRK6
(39). Another explanation for the lack of effect of GRK2 and
GRKGO6 overexpression may be the requirement of phosphoryla-
tion specific sites in the cytoplasmic domains of PAR-1 needed
to induce receptor desensitization (1, 13).

The COOH terminus of PAR-1 contains the consensus
serine/threonine phosphorylation sites for GRKs (1). Expres-
sion in the Rat1 cell line of the carboxyl tail-truncated PAR-1 or
the PAR-1 mutant in which serine and threonine residues in the
carboxyl tail are converted to alanine produced persistent sig-
naling in response to thrombin (40, 41). These mutant receptors
also failed to internalize upon activation with thrombin (40, 41).
In the present study, we showed that the overexpression of
GRKS inhibited the thrombin-activated phosphoinositide hy-
drolysis and Ca?* signaling and prevented thrombin-induced
decrease in endothelial monolayer resistance. Moreover, the
expression of dn-GRKS5 (but not dn-GRK?2) prolonged the Ca?*
signaling in response to thrombin, an observation consistent with
the augmented Ca* signaling observed with carboxyl tail-
truncated or mutated PAR-1 constructs (40, 41).

In summary, we studied the effects of endothelial cell-specific
GRK isoforms, GRK2, GRKS, and GRKS6, in regulating the
desensitization of PAR-1. Overexpression of GRK2 and GRK6
isoforms did not significantly alter PAR-1-activated phospho-
inositide hydrolysis and Ca?* signaling in endothelial cells. In
contrast, overexpression of the GRKS isoform markedly in-
creased agonist-induced phosphorylation of PAR-1 and inhib-
ited PAR-1-mediated endothelial cell retraction. Inhibition of
the function of endogenous GRKS by expressing dn-GRKS
produced long-lived Ca?* signaling in response to thrombin in
endothelial cells. These results indicate a critical role for GRKS
in regulating PAR-1 signaling in endothelial cells.
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